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Materials and Methods 

 

Reagents and Antibodies 

Chemical and cell culture reagents were purchased from Thermo Scientific and Gibco, 

unless noted otherwise. Voriconazole (Pfizer) was obtained from the Memorial Sloan Kettering 

Cancer Center pharmacy and dissolved in sterile PBS at 10 mg/ml and stored at -80oC. 

Fluorescent antibodies were from Tonbo or eBioscience. S12 SURVIVIN antagonist was 

purchased from Calbiochem (#574661).  

 

Mice, Animal Care, and Ethics Statement 

C57BL/6 (Jackson Laboratories, strain 000664; CD45.2+), C57BL/6.SJL (Charles River 

Laboratories, strain 564; CD45.1+), and p91phox-/- mice (Jackson Laboratories, strain 002365) 

were bred in the MSKCC Animal Vivarium. p91phox-/- mice were crossed to the C57BL/6.SJL 

background. Lethally irradiated (9.5 Gy) F1 progeny (from cross of C57BL/6 and C57BL/6.SJL 

strains) were reconstituted with 1-2.5 x 106 CD45.2+ C57BL/6 and with 1-2.5 x 106 CD45.1+ 

p91phox-/- bone marrow cells, treated with enrofloxacin in the drinking water for 21 days to 

prevent bacterial infections, and rested for 6-8 weeks prior to use. All animal experiments were 

conducted with sex- and age-matched mice and performed with approval from MSKCC 

Institutional Animal Care and Use Committee (protocol number 13-07-008). Animal studies 

complied with all applicable provisions established by the Animal Welfare Act and the Public 

Health Services Policy on the Humane Care and Use of Laboratory Animals.  

 

 



Fungal growth and culture 

All A. fumigatus strains were grown on glucose minimal media that contains 1% glucose, 

salt solution, and trace minerals, or on Sabouraud medium, at 37°C (22). Conidia were harvested 

by flooding 5-10 day old plates or slants with 10 ml PBS, 0.025% Tween-20, briefly agitating 

sealed plates or slants on a vortex shaker, and by filtering the conidial suspensions twice through 

a 40 µm nylon cell strainer. For RNA analysis, 105 conidia/ml were grown in RP-10+ (i.e., RPMI 

1640, 10% heat-inactivated fetal bovine serum (FBS), 5 mmol/L HEPES [pH 7.4], 1.1 mmol/L 

L-glutamine, 0.5 U/ml penicillin, 0.5 µg/ml gentamicin, 50 mg/ml streptomycin, and 50 mol/l 2-

mercaptoethanol) in baffled flasks at 37oC under agitation (200 RPM) for 20 h. 106 conidia/ml 

were incubated in RP-10+ for 8 h at 37°C to prepare germlings, or in RP-10+ supplemented with 

0.5 µg/ml voriconazole for 14 h at 37°C to generate uniform preparations of swollen conidia, as 

described in (23). Resting conidia were labeled with Alexa Fluor 633 as described in (10).  

 

Generation of H-RFP and BIR1 transgenic strains 

To generate the H-RFP strain, A. fumigatus ATCC 46645 was transformed with 

pME3857 (24) and transformants were selected with 30 µg/ml phleomycin (25) (Table S1). In 

the H-RFP strain, nuclei are tagged with a histone 2A-mRFP fusion protein.  

The A. fumigatus Af293 genome sequence (http://www.broad.mit.edu) was used to 

design primers for the amplification of the AfBIR1 gene (Table S2). A. fumigatus genomic DNA 

was isolated as described in (26). The full-length AfBIR1 gene (1-2820 bp) was amplified from 

genomic DNA with Phusion polymerase and primers 1 and 2. The resulting amplification 

product was sequenced and cloned into the Pme I site (downstream to the A. nidulans GpdA 

promoter and upstream to its terminator) of pSK379 to produce the overexpression vector 



PskBIR1. The H-RFP and the ATCC 46645 strains were transformed with PskBIR1 and 

transformants selected on 2 µg/ml pyrithiamine. 

For overexpression of the N terminal part of the protein, nucleotides 0-1545 bp of AfBIR1 

containing both BIR domains, were amplified with primers 1/3 and cloned into the PmeI site in 

pSK379 to produce the N-BIR1 overexpression cassette. To generate the bir1tetON strain, a 1.6kb 

fragment upstream of the BIR1 promoter was amplified with primers 12 and 13 (with an AscI 

restriction site) and a 1.3kb bir1 genomic fragment was amplified with primers 14 (with a PacI 

restriction site) and 15. The two PCR products were fused together using fusion PCR (31) with 

nested primers 16 and 17, generating AscI and PacI restriction sites between the two PCR 

fragments. The resulting 2.7kb fragment was ligated into the pJET1.2 cloning vector (Thermo 

Fisher Scientific, USA) as per manufacturer’s guidelines generating plasmid pBir1. The tetON 

module was amplified with primers 18 (with AscI restriction site) and 19 (with PacI restriction 

site) from pSK541_pJW121 (a kind gift from Dr. Sven Krappmann) (32). The tetON module was 

digested with AscI and PacI and ligated into pBir1 generating pBir2. The H-RFP strain was 

transformed using a split marker approach (33), using primers 16/20 and 17/21 to amplify P1 and 

P2 from pBir1. The transformants were selected on plates containing 0.1µg/ml pyrithiamine 

hydrobromide and 0.5 µg/ml doxycycline hyclate (Sigma, USA). 

 

Radial growth, conidiation, and germination assays 

Radial growth on solid media was obtained by measuring colony diameters every 24 h 

over a period of 7 d starting with an inoculum of 103 conidia on Sabouraud agar grown at 37°C. 

Conidiation was quantified by harvesting from 4 d old Sabouraud agar plates that were 

inoculated with 103 conidia per plate. The conidial concentration was determined by counting 



with a hemocytometer. To determine the germination rate, conidia (1 ×106 conidia/ml) from each 

strain were inoculated into RP-10+ and incubated at 37°C for 24 h. Conidial samples were 

removed at 4, 6, 8, 10, 12, 16, and 24 h and germination rates were determined by scoring 100 

conidia for germination.  

 

PCD assays and staining procedures 

  A-PCD was determined by analyzing the following markers: loss of histone 2A RFP 

fluorescence, detection of fungal caspase activity, and accumulation of DNA-strand breaks by 

TUNEL (19, 27). Fungal cell viability was determined by plating and measurement of colony 

forming units (CFUs). DNA double-strand breaks were detected by TUNEL using the APO-

BrdU™ TUNEL Assay Kit (Molecular Probes™, A23210), as previously described (28). Briefly, 

fungal cells were fixed with 3.7% formaldehyde, digested with lysing enzyme (Sigma Corp., 

L1412), rinsed with PBS, incubated in ice-cold 70% (v/v) ethanol, washed with washing buffer, 

incubated with 50 µl TUNEL labeling mixture at 37oC for 70 min with agitation and rinsed 3 

times with rinse buffer and incubated in 100 µL of antibody staining solution (Alexa Fluor® 488 

labeled anti-BrdU antibody) for 30 min. The CaspACE in situ marker fluorometric assay system 

that utilizes the FITC-VAD-fmk probe (Promega Corp., G7461) was used to stain for fungal 

caspase activity. 

Briefly, fungal cells were harvested, washed in PBS, and resuspended in 50µl of staining 

solution containing 10 µM FITC-VAD-fmk. After incubation for 20 min at RT with low 

agitation in darkness, cells were washed twice with PBS and analyzed by fluorescence 

microscopy or flow cytometry. For sorted neutrophils that contained ingested conidia, 



phagocytes were first lysed osmotically by incubation in distilled water prior to staining with 

FITC-VAD-fmk or by TUNEL.  

 

Microscopy 

Epifluorescence and light microscopy were performed with a Zeiss Axio imager M1 

microscope. Differential interference microscopy (DIC) was used for bright field images. Images 

of TUNEL staining in Fig. S1 were acquired with a Zeiss LSM880 confocal microscope. The 

following filters were used for examination of fluorescent samples: DAPI filter (excitation 340–

390 nm, emission 420–470 nm), rhodamine filter (excitation 540–552 nm, emission 575–640 

nm), GFP filter (excitation 450–490 nm, emission 500–550 nm). Images were captured with a 

Zeiss AxioCam MRm camera and analyzed using Axiovision Rel 4.5 software package. Image 

processing was performed using ImageJ 1.42q software (http//rsb.info.nih.gov/ij/).  

 

Analysis of infected mice 

Mice were infected via the intratracheal route as described in (29). BAL and lung 

suspensions were prepared for flow cytometry as described in (16). Briefly, lung digest and, if 

applicable, BAL cells were enumerated and stained with the following Abs: anti-Ly6C (clone 

AL-21), anti-Ly6G (clone 1A8), anti-CD11b (clone M1/70), anti-CD11c (clone HL3), anti-

CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-Ly6B.2 (clone 7/4), anti-MHC class II (clone 

M5/114.15.2), anti-Siglec F (clone E50-2440) and CD103 (clone 2E7). Neutrophils were 

identified as CD45+CD11b+Ly6CloLy6G+ cells, inflammatory monocytes as 

CD45+CD11b+Ly6ChiLy6G−Ly6B.2+ cells, Mo-DCs as CD45+CD11c+MHC class II+ 

CD11b+CD103-SiglecF- cells, and alveolar macrophages as 



SSChiCD45+CD11b+CD11c+ SiglecF+ bronchoalveolar lavage fluid cells. Flow cytometry data 

was collected on a BD LSR II flow cytometer and analyzed on FlowJo, version 9.7.6 (Treestar). 

Perfused murine lungs were homogenized in 2 mL of PBS, 0.025% Tween-20 for colony-

forming units (CFUs) and for ELISA. For histology, perfused lungs were fixed in 10% neutral-

buffered formalin, embedded in paraffin, sectioned in 4 µm slices, and stained with hematoxylin 

& eosin (H&E), Gomori’s ammoniacal silver (GAS) or Uvitex 2B. Slides were reviewed by a 

board-certified pathologist and evaluated in a blinded manner. Whole section images were 

digitally scanned using the Zeiss Mirax Desk Scanner for high-resolution viewing and automated 

cell counting.  Images were captured from whole slide images, acquired with the Aperio 

ScanScope (Aperio Technologies) using ×20 and ×40 objectives.  

 

Statistical analysis. 

Data are presented as a mean ± SEM or ±SD for each group and derived from 

experiments performed in triplicate, unless stated otherwise. For 3 or more groups, statistical 

significance was determined by Kruskal-Wallis one-way analysis of variance followed by 

Dunn’s post-test. The Mann-Whitney U test was used for two non-parametric groups of data. 

Survival data was analyzed by log rank test. All statistical analyses were performed with 

GraphPad Prism software, v6.0c. 

 	



Supplementary Figures: 

 

Figure S1. Apoptosis-like PCD in A. fumigatus. 

 (A) Fluorescence microscopy and (B) flow cytometric analysis of H-RFP conidia after 6 h 

exposure to 0 mM (upper panel) or 5 mM H2O2 (lower panel). Scale bar = 10 µm. (A) Conidia 

were conjugated to AF633 (blue fluorescence signal) and fluorescence images were overlaid on 

differential interference contrast (DIC) images. (C) Fluorescence and DIC microscopy and (D) 

flow cytometric analysis of H-RFP germlings stained with FITC-VAD-fmk after 4 h exposure to 

0 mM (upper panel) or 5 mM H2O2 (lower panel). Scale bar = 10 µm. (E) Confocal microscopy 

and (F) flow cytometric analysis of H-RFP conidia stained by TUNEL after 6 h exposure to 0 

mM  (upper panel) or 5 mM H2O2 (lower panel). Scale bar = 5 µm. (G) Relative RFP (red 

squares) and AF633 (blue triangles) fluorescence intensities and fungal CFUs (black circles) for 

AF633-labeled H-RFP conidia after 6 h exposure to 0-10 mM H2O2. The fluorescence intensities 

are indicated relative to conidia not treated with H2O2. Data are indicated as mean ± standard 

deviation from triplicate samples of a representative experiment. 



 

Figure S2. AfBIR1 is a human SURVIVIN homolog.  

(A) Alignment of the amino acid sequence of the first (upper panel) and second (lower panel) 

BIR repeats in Aspergillus fumigatus BIR1 with the first and second BIR domains in the 

Cryptococcus neoformans, Histoplasma capsulatum, Coccidioides posadasii, Blastomyces 

dermatitidis, Candida albicans, and Botrytis cinerea homologues, respectively. The single BIR 

domain of the human SURVIVIN gene is included in both comparisons. The alignment was 

generated using ClustalW. The consensus sequence and conserved C2HC residues are marked by 

black and red squares, respectively.  

(B) Graphical representation of the predicted BIR1 genomic locus in wild-type and in BIR1OX 

strains. The grey arrows indicate the orientation of the BIR1 gene. In BIR1 overexpression 

strains, the circular expression vector is integrated into the endogenous BIR1 locus, resulting in 



two BIR1 copies: the genomic copy under control of the gpdA promoter and the plasmid cDNA 

copy under control of the endogenous promoter. An 860 bp fragment (black line, probe) was 

used for Southern blot analysis. 

(C) Southern blot analysis of full-length and N-terminal (1-1545 bp) domain BIR1OX strains. The 

expected band size was 3.5 kb in the parental H-RFP and ATCC 46645 strains, reflecting the 

presence of a wild-type BIR1 locus. In the BIR1OX strains, two additional bands were expected, 

with a size of 5.0 kb and 2.5 kb. In the N-BIR1OX strains, an EcoRV restriction site is lost, 

resulting in the additional 5.0 kb band and loss of the additional 2.5 kb band. 

(D-G) Characterization of the BIR1OX1 strain. The plots show (D) radial growth over a 7-day time 

course, (E) conidial germination over a 24 h time course, and (F) conidiation rates for H-RFP 

(white circles and bars) and BIROX1 conidia (purple squares and bars). (E) The percent 

germination is based on analysis of 100 conidia under light microscopy (magnification, ×400), 

repeated in triplicate, for each sample. (G) The bar graphs show the mean + SD cytokine 

responses by cultured macrophage (MH-S cells) following 24 h co-incubation with irradiated H-

RFP or BIR1OX1 swollen conidia. 

  



 

Figure S3. BIR1 is an essential gene.  

Doxycycline dependent growth of the bir1tetON strain. One thousand H-RFP (top row) or bir1tetON 

(bottom row) conidia were point inoculated on GMM plates supplemented with 0.5 µg/ml 

doxycycline (left column) or not (right column). Plates were incubated at 37˚C for 36 hours and 

photographed.  

  



 

 

Figure S4. The SURVIVIN antagonist S12 induces A-PCD in A. fumigatus.  

The plots show (A) relative mRFP fluorescence, (B) fungal caspase activity, and (C) relative 

CFUs in the indicated strains (H-RFP, white bars; BIR1OX1,2, dark purple bars; N-BIR1OX1,2, light 

purple bars in A and C) following exposure to 200 µM S12 (S12+) or not (S12-). The 

experiments were performed with (A, C) swollen conidia or (B) germlings that were exposed to 

S12 (light blue line in panel B) or not (black line in panel B) for (A, C) 8 h or (B) 4 h. GMF, 

geometric mean fluorescence. Data are represented as the relative mean + standard deviation of 3 

independent experiments performed with triplicate samples that were pooled and represented as a 

circle. Statistical analysis: One-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons. 

  



 

 

 

Figure S5. Murine survival following challenge with a BIR1OX strain that lacks the H-RFP 

transgene. Survival of C57BL/6 mice challenged with 6 x 107 ATCC 46645 (white circles) or 

ATCC BIR1OX (orange circles) conidia (n = 10 per group). Statistical analysis: Log-rank (Mantel-

Cox) test. 

  



 
 

 
 

 

Figure S6. Pulmonary leukocyte recruitment and cytokine levels in BIR1OX1 and H-RFP-

challenged mice. C57BL/6 mice challenged with 3 x 107 H-RFP (white bars) and BIR1OX1 (dark 

purple bars) conidia and analysed for (A) lung leukocytes and (B) lung cytokine levels at 24 hpi. 

(A, B) Data were pooled from two independent experiments, with individual mice denoted as 

circles, and represented as the mean + standard deviation. Statistical analysis: Mann Whitney 

test.  

 



 

Figure S7. Murine neutrophils differentially induce of apoptosis-like PCD in conidia on the 

basis of BIR1 expression levels.  

Murine bone marrow neutrophils were analyzed on the basis of conidial RFP and Alexa 633 

fluorescence (MOI = 3, 8 h co-incubation at 37oC). (A) Representative plots. For the indicated 

fungal strains, Gate R1 (red) indicates neutrophils that contain live conidia, and gate R2 

neutrophils that contain killed conidia. The bar graphs show the average frequency of (B) 

conidial uptake (R1 + R2) by neutrophils and (C) of live conidia [R1/(R1+R2)] in fungus-

engaged neutrophils. (D) The average frequency of TUNEL+ nuclei for each fungal strain. Error 

bars represent mean + standard deviation of 3-6 independent experiments performed in 

triplicates. Statistical analysis: One-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons test. 

 
 

 



 

Figure S8. Human neutrophils differentially induce of A-PCD in fungal conidia and hyphae 

on the basis of BIR1 expression levels.  

Germlings were co-incubated with human neutrophils (MOI = 3, 6 h). Fluorescence microscopy 

of H-RFP and BIR1OX1 hyphae stained for DNA fragmentation by TUNEL. TUNEL- hyphal 

nuclei appear red due to the H-RFP transgene (left and right panels), while TUNEL+ nuclei 

appear green (white arrows, middle panel). The green staining in large circular cells (black stars) 

represents neutrophil DNA fragmentation. Scale bar = 10 µm.  

  



 

 

Figure S9. BIR1 overexpression is protective against oxidative stress. 

H-RFP and BIR1OX1 conidia were adjusted to 105, 104, 103, and 102 in 2 µl H2O and point 

inoculated on GMM plates with the indicated stress. Plates were incubated at 37oC (5% CO2) for 

48 h and photographed. H2O2 and menadione represent oxidative stress; voriconazole, Calcofluor 

White, caspofungin, and Congo Red represent various agents of cell wall stress; NaNO2 

represents nitrogenous stress. 

 



 

Figure S10. A model showing the role of fungal PCD in early events of A. fumigatus 

infection.  Following A. fumigatus inhalation, innate phagocytic cells are recruited to the lungs 

and airways and ingest conidia. NADPH oxidase is assembled on the phagosomal membrane to 

generate ROS, which trigger caspase activity and A-PCD in swollen conidia. An anti-apoptotic 

machinery, mediated by AfBIR1, resists NADPH oxidase-mediated killing by inhibiting fungal 

caspase activity and surviving conidia manage to germinate and escape the phagolysosomal 

environment, resulting in invasive aspergillosis.  

  



Table S1. List of Strains and Plasmids 

Strain or Plasmid 
Genotype and 

Description 
Source 

Aspergillus fumigatus   

ATCC 46645 A. fumigatus wt strain ATCC 

H-RFP 
Histone H2A:: 

mRFP gene fusion 
This work 

BIR1OX 

Overexpression of full-

length AfBIR1 (amino 

acids 1-871) 

This work 

N-BIR1OX 

Overexpression of N 

terminal AfBIR1 domain 

(amino acids 1-446) 

This work 

Plasmids   

pME3857 

gpdA::mrfp::h2A::trpCt 

(histone 2A) with 

phleomycin resistance 

marker 

(24) 

pSK379 
Plasmid contains 
pgpdA::his2at::ptrA 

(30) 

pSKBIR1 
Full-length AfBIR1 

overexpression 
This work 

pJET1.2  cloning vector  
Thermo Fisher Scientific, 

USA 

pSK541_pJW121 

ptrA; 

gpdA::rtTA::TcgrA, 

tetO7::pmingpdA (tet 

module) 

(32) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

pBir1 

Upstream region of 

AfBIR1 and 1.3kb of 

AfBIR1 in the cloning site 

of pJET1.2 

This work 

pBir2 

tet module from 

pSK541_pJW121 in 

between AfBIR1 upstream 

region and AfBIR1 

genomic sequence in 

pBir1 

This work 



Table S2. List of Oligonucleotides. 

 Oligonucleotide Sequence (5’ to 3’) 

1 BIR1-FOR-PmeI AGT TTA AAC ATG GAG ACT TTC GCC G 

2 BIR1-REV-PmeI TGT TTA AAC TCA ATC AAT GCA CTC G 

3 N-BIR1-REV- PmeI 
TGT TTA AAC TTA GTC GAC AGT ATC GTG 

CTG CAC CTT GGG T 

4 BIR1-RT-FOR CCT CGC CAG CTT TGA TCT G 

5 BIR1-RT-REV GGA TTG GTC TCG TAG GGA TTG 

6 βtubulin-RT-FOR GGC TTT CTT GCA TTG GTA CAC 

7 βtubulin-RT-REV AGA TCG TTC ATG TTG CTC TCG 

8 GpdH-RT-FOR TTG AAG ATT CCC GAA GCC TAC 

9 GpdH-RT-REV TCG TCA AGG TAG TGT AGG AGA G 

10 BIR1-SOUTHERN-FOR ATT TCC ATT ACA GCC GAA CG 

11 BIR1-SOUTHERN-REV ATT GAG AAC ATG TCG AAC AC 

12  RAC4114 
 

CCC TAC AGA CTG CTA TCA TCC TGC 

13  RAC4115 
 

ACC GGT CGC CTC AAA CAA TGC TCT 
GGC GCG CCG TAG TTA TCT CTG CAA 
GCT GCT CG 
 

14  RAC4116 
 

AGA GCA TTG TTT GAG GCG ACC GGT 
TAA TTA ATG GAG ACT TTC GCC GCC 
 

15  RAC4117 
 

CGG TAA CCG AGC TTC CAG AGC 
 

16  RAC4118 
 

CGT CAG ACT TAG GCC GCT ATG TAC G 
 

17  RAC4119 GTC GGA GGT TCG GAT TGG TG 
 

18  RAC2412 
 

AAA AAA AAG GCG CGC CGA GCT CGA 
GGT CGA CGG TAT CGA T 
 



 
 

 

 

 

19  RAC2413 
 

AAA AAA AAT TAA TTA AGT TTA AAC 
GGT GAT GTC TGC TCA AGC G 
 

20  RAC4181 
 

GCG GTC TGA GCA CTG CGT AC 
 

21  RAC4182 
 

GTC CAG TTG ACG ACA ACA CCA GC 
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